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Hydraulic fracturing is a well-known stimulation technique for creating fractures in a 
subsurface formation to achieve profitable production rates in a wellbore. The process involves 
the injection of a high-pressure fracturing fluid to induce fractures around the wellbore in a 
target interval enhancing oil and gas production in damaged wells or low permeability 
reservoirs. The pressure of injecting fracturing fluid should be high enough to overcome the 
subsurface in situ stresses and tensile strength of a fluid saturated porous rock, forming a tensile 
crack or fracture. Sand or other hard solid particles, referred to as proppant, is added in later 
stages of pumping. The fracturing fluid is required to have sufficient viscosity to suspend and 
carry the proppant deep into the created fracture system to keep the fractures open after 
hydraulic fracturing operation and during flowback and hydrocarbon production.  
Slick water or cross-linked gel is currently used as fracturing fluid in almost all hydraulic 
fracturing operations. Foam as an alternative fracturing fluid is attracting attention because 
their liquid content (water) is small, reducing the water usage and reducing damage potential 
to water-sensitive formations. Foam as a fracturing fluid should remain stable to be able to 
carry a large amount of proppant. Gas-in-water foams is generally not stable in the presence of 
a surfactant, particularly in high temperatures reservoirs. Previously, guar gel and synthetic 
polymers were used as foam stabiliser. However, the damage to the formation increases 
because of the presence of gelling residue. Thus, stable foam with low formation damage is a 
key factor for the extensive use of foam as a fracturing fluid.  
The principal goal of this study is to develop non-damaging and stable foam, which can 
transport proppant effectively. The secondary objective is to evaluate the performance and the 
stability of the developed foam using proppant placement efficiency (large uniform proppant 
distribution) and water usage efficiency (less water consumption to generate comparable or 
better productivity).  
In this study, a non-damaging and stable foam is developed using silica nanoparticles and a 
living polymer made of worm-like surfactant micelles. The experimental results show that 
foam stability increases two to three times in the presence of 0.8 wt% silica nanoparticles 
under  90 ℃ . The enhancement of foam lifetime by nanoparticle application allows better 
proppant suspension, which maintains post-fracture conductivity and minimise productivity 
loss. The simulation results show that foam stability is directly dependent on proppant 
placement and fracture conductivity distribution. When foam fracturing fluids experience long 
closure time, foam breakage leads to proppant settling and accumulation at the bottom of the 
formation; which causes reduction of the propped dimension. Both a high pumping rate and 
high foam quality provide a large initial propped area; however, foam stability is still the major 
factor that controls the final propped area, and the resulting productivity. Those results are 
critical findings for developing a guideline for an optimized application of nano-stabilised 
















First and foremost, I want to thank my two supervisors, Mrs. Mary Gonzalez and AProf. 
Manouchehr Haghighi. Among other things, Mary assisted me in setting the foundation to 
successfully conduct my studies, while Manouchehr provided valuable technical knowledge, 
which assisted me greatly. I would like to thank both for encouraging me in my research and 
for allowing me to grow as a research scientist. Their advices on both my research as well as 
on my career have been priceless. 
I would also like to express my gratitude to Dr. Raymond Johnson. It has been an honour to 
have him as a co-author in my publications. I appreciate all his contributions. 
A special thanks to my family. Words cannot express how grateful I am to my mother and 
father for all the sacrifices they made on my behalf. Their prayer for me was what sustained 
me thus far. Finally, I would like to thank all my friends, who provided much support during 





















List of publications 
 
Published Journal Papers: 
 Fei, Y., Gonzalez, M., Nguyen, V. Q., Lei, Z. Y., Pokalai, K., Sarkar, S., & Haghighi, 
M. (2016). Simulation of hydraulic fracturing with propane-based fluid using a fracture 
propagation model coupled with multiphase flow simulation in the Cooper Basin, South 
Australia. APPEA Journal, 56, 415-426.  
 
 Fei, Y., Zhu, J., Xu, B., Li, X., Gonzalez, M., & Haghighi, M. (2017). Experimental 
investigation of nanotechnology on worm-like micelles for high-temperature foam 




 Fei, Y., Pokalai, K., Johnson, R., Gonzalez, M., & Haghighi, M. (2017). Experimental 
and simulation study of foam stability and the effects on hydraulic fracture proppant 
placement submitted to Journal of Natural Gas Science and Engineering. 
 Fei, Y., Johnson, R., Gonzalez, M., Haghighi, M., & Pokalai, K. (2017). Experimental 
and numerical investigation into nano-stabilised foam on hydraulic fracturing 
application, submitted to Fuel.  
 Fei, Y., Zhu, J., Xu, B., Li, X., Gonzalez, M., & Haghighi, M. (2017). Free Drainage 
of foam mixed with coarse particles in the presence of nanoparticles submitted to SPE 













Table of Contents 
Abstract ...................................................................................................................................... 2 
Declaration ................................................................................................................................. 3 
Acknowledgements .................................................................................................................... 4 
List of publications .................................................................................................................... 5 
Table of Contents ....................................................................................................................... 6 
List of Figures ............................................................................................................................ 8 
List of Tables ........................................................................................................................... 10 
Statement of Authorship .......................................................................................................... 11 
Nomenclature ........................................................................................................................... 16 
Chapter 1: Introduction ............................................................................................................ 19 
1.1 Research Background and Rationale......................................................................... 19 
1.2 Research objectives ................................................................................................... 20 
1.3 Thesis Structure ......................................................................................................... 20 
1.4 Overview of chapters ................................................................................................ 22 
Chapter 2: Literature reviews................................................................................................... 25 
2.1 Theory of foam stability ............................................................................................ 25 
2.1.1 Foam drainage .................................................................................................... 25 
2.1.2 Disproportionation ............................................................................................. 26 
2.1.3 Foam stability analysis by DLVO theory (Derjaguin and Landau, Verwey and 
Overbeek) ......................................................................................................................... 26 
2.2 Foam stability enhancement ...................................................................................... 28 
2.3 Foam rheology versus foam stability ........................................................................ 29 
2.4 Proppant sedimentation ............................................................................................. 33 
2.5 Summary ................................................................................................................... 33 
Chapter 3: Foam drainage on proppant sedimentation in the presence of nanoparticles ......... 34 
3.1 Introduction ............................................................................................................... 34 
3.2 Materials .................................................................................................................... 34 
3.3 Sample preparation .................................................................................................... 34 
3.4 Experimental procedure ............................................................................................ 35 
3.5 Results and discussion ............................................................................................... 36 
3.5.1 Free drainage ...................................................................................................... 36 
3.5.2 Liquid fraction profile ........................................................................................ 38 
3.5.3 Proppant sedimentation ...................................................................................... 40 
Page 7 
 
3.6 Summary ................................................................................................................... 43 
Chapter 4: Investigation of nanotechnology on worm-like micelles for high temperature foam 
stimulation................................................................................................................................ 44 
Chapter 5: Foam stability and its effects on hydraulic fracture proppant placement and overall 
effectiveness ............................................................................................................................. 54 
5.1 Introduction ............................................................................................................... 54 
5.2 Methodology ............................................................................................................. 54 
5.3 Experimental results .................................................................................................. 55 
5.4 Foam characterisation based on Carreau rheological model ..................................... 56 
5.5 Hydraulic fracturing modelling ................................................................................. 60 
5.6 Results and discussion ............................................................................................... 61 
5.6.1 Foam stability study ........................................................................................... 61 
5.6.2 Shut-in conditions study .................................................................................... 64 
5.7 Model challenge ........................................................................................................ 65 
5.8 Summary ................................................................................................................... 65 
Chapter 6: Hydraulic fracturing by nano-assisted foam-based fluid using a fracture 
propagation model ................................................................................................................... 66 
6.1 Introduction ............................................................................................................... 66 
6.2 Experimental results .................................................................................................. 66 
6.3 Hydraulic fracturing model ....................................................................................... 68 
6.4 Mathematical formulation ......................................................................................... 69 
6.5 Foam rheological characterisation ............................................................................ 71 
6.6 Results and Discussions ............................................................................................ 72 
6.7 General guideline for foam treatment design ............................................................ 76 
6.8 Summary ................................................................................................................... 78 
Chapter 7: Simulation of hydraulic fracturing with liquefied petroleum gas. ......................... 79 
Chapter 8: Conclusion and Future Work ................................................................................. 92 
8.1 Conclusive Remarks .................................................................................................. 92 
8.2 Future Work .............................................................................................................. 93 
References ................................................................................................................................ 95 
Appendix ................................................................................................................................ 100 





List of Figures 
Figure 1.1. Schematic of proppant placement before fracture closure: (a) evenly distributed 
proppant; (b) unevenly distributed proppant. ........................................................................... 19 
Figure 1.2. Structure of the thesis. ........................................................................................... 22 
Figure 2.1. Schematic of a free drainage experiment. ............................................................. 25 
Figure 2.2. Schematic of Ostwald ripening: bubble A growth from gas diffusion of bubble B 
by capillary pressure driving force (reproduced from Stevenson (2010). ............................... 26 
Figure 2.3. Disjoining pressure isotherm for foam films including contributions from Π𝑒𝑙,  
Π𝑣𝑎𝑛, and Π𝑠𝑡𝑒𝑟𝑖𝑐 (reproduced from Vance (1999). ............................................................. 27 
Figure 2.4. A single foam film containing liquid with thickness,ℎ𝑤, between two adsorbed 
monolayers of surfactant with thickness, ℎ𝑚𝑙. Addition of polyelectrolytes or WLMs 
enhances the bulk and surface rheology, causing more difficulty in gas diffusion. ................ 28 
Figure 2.5. Schematic of a foam structure filled by surfactant molecules (left) and 
nanoparticles (right). ................................................................................................................ 29 
Figure 2.6. Schematic of apparent foam viscosity as a function of foam quality. ................... 30 
Figure 2.7. Foam viscosity depends on a number of variables: (a) shear rate and gelling type, 
(b) temperature and gelling concentration. .............................................................................. 31 
Figure 2.8. Different forces acting on films and bubbles in a particle: gravity (green arrow), 
network force (black solid arrow), and pressure force (black dashed arrow). ......................... 33 
Figure 3.1. Particle diameter distribution of nanoparticles. ..................................................... 35 
Figure 3.2. Schematic of free drainage experiment. ................................................................ 36 
Figure 3.3. Foam height vs. time for four different samples. .................................................. 36 
Figure 3.4. Free drainage curves for liquid foams: (a) foam A, (b) foam B, (c) foam C, and 
(d) foam D. ............................................................................................................................... 38 
Figure 3.5. Vertical profiles of liquid fraction as a function of time and height of foam. The 
scale of the time (𝑡 =  𝜏1) is based on the drainage regime. The labels (a)–(d) refer to foams 
A–D. ......................................................................................................................................... 40 
Figure 3.6. Different snapshots of particle sedimentation experiments for foams A–D during 
foam drainage regime. ............................................................................................................. 41 
Figure 3.7. Area chart for foam quality vs. apparent viscosity and total pulling force at two 
different regimes during sedimentation. .................................................................................. 42 
Figure 5.1. Workflow of experiment and model development. ............................................... 55 
Figure 5.2. Foam stability varies with EAPB concentration under 90 ℃ based on (a) 
foamability, (b) foam drainage, (c) foam rupture, and (d) foam lifetime visualisation. .......... 56 
Figure 5.3. (a) Rheological properties of base fluid, static foam, and dynamic foam; (b) 
Carreau rheological model matching with obtained data points of static foam quality and (c) 
dynamic foam quality. ............................................................................................................. 59 
Figure 5.4. Development of synesthetic (medium and low stability) rheology curves from the 
reference curve (dynamic). ...................................................................................................... 59 
Figure 5.5. Generic foam rheology vs. foam stability under fracture treatment time. ............. 61 
Figure 5.6. Proppant concentration distribution for four different scenarios. Proppant 
concentration is scaled from 0 lbft2 (light green) to 1.5 lbft2 (purple). ................................. 63 
Figure 5.7. Cumulative gas production for four different cases. ............................................. 63 
Page 9 
 
Figure 5.8. Cumulative gas production vs. shut-in time. ......................................................... 64 
Figure 6.1. Results of foam stability experiments with 3% EAPB and EAPB-SiO2 foam 
at 90 ℃: (a)–(b) foam drainage rate of EAPB foam and EAPB-SiO2 foam; (c)–(d) decay rates 
of EAPB and EAPB-SiO2-stabilised foams; (e)–(f) SEM images of EAPB foam and EAPB-
SiO2 foam gas-water interfaces. ............................................................................................... 67 
Figure 6.2. An example of disjoining pressure vs. film thickness. Increased layers of 
nanoparticles in the lamella decrease film thinning. The scale of the nanoparticle layer is for 
illustration purposes only. ........................................................................................................ 68 
Figure 6.3. Workflow of the mathematical formulation for fracturing model. ........................ 71 
Figure 6.4. Characterisation of rheological properties of EAPB foam and EAPB-SiO2 foam 
with three different foam qualities. .......................................................................................... 72 
Figure 6.5. Proppant concentration distribution (lbft2) vs. shut-in time for slickwater, EAPB 
foam, and EAPB-SiO2 foam with 60% foam quality at 30 bpm of pumping rate. .................. 74 
Figure 6.6. Fracture conductivity (propped area) vs. pumping rate for slickwater, EAPB 
foam, and EAPB-SiO2 foam with 60% foam quality. ............................................................. 75 
Figure 6.7. Fracture conductivity vs. foam quality for the two foam cases from 0 to 180 min 
shut-in time. ............................................................................................................................. 75 
Figure 6.8. Fracture productivity generated by different pumping rates: (a) 60% EAPB foam, 
(b) 60% EAPB-SiO2 foam, and (c) slickwater......................................................................... 76 
Figure 6.9. Generic of foam rheology profile coupled with foam stability factor. The black 
curve represents a standard foam, while the red curve represents a nano-stabilised foam. Time 




List of Tables 
Table 1.1. Chapter outlines ...................................................................................................... 32 
Table 2.1. Correlations of rheological parameters ................................................................... 32 
Table 3.1. Main input parameters to calculate drainage velocity ............................................ 39 
Table 5.1. Rheological properties of static foam and dynamic foam ...................................... 58 
Table 5.2. Input data for standard treatment condition ............................................................ 60 
Table 5.3. Results of hydraulic fracturing for different foam stability .................................... 62 
Table 6.1. Experimental results of foam stability time enhanced by silica nanoparticle ......... 67 
Table 6.2. Input data for hydraulic fracturing simulation condition ........................................ 68 







































Roman   
𝐶𝑓 Fracture conductivity 𝑚𝑑. 𝑓𝑡 
𝐶𝑣 Volume fraction of particles 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 
𝐷𝑏 
 
Bubble diameter 𝑖𝑛𝑐ℎ 
𝐸 Young’s modulus 𝑀𝑝𝑠𝑖 
𝐹𝑛 
 
Network force 𝑘𝑔. 𝑚/𝑠2 
𝐹𝑝 
 
Pressure force 𝑘𝑔. 𝑚/𝑠2 
𝐹𝑑𝑠 
 
Drainage drag force 𝑘𝑔. 𝑚/𝑠2 
𝐹𝑧 
 
Total pulling force in vertical direction 𝑘𝑔. 𝑚/𝑠2 
𝐺 
 
Gravity force 𝑘𝑔. 𝑚/𝑠2 
𝑔 Gravitational constant 𝑚3. 𝑘𝑔−1. 𝑠−2 
𝑔𝑐 Gravitational unit conversion constant 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 
𝐻 
 
Foam height 𝑓𝑡 
𝑘𝐹𝑜𝑎𝑚 Foam flow consistency index 𝑃𝑎. 𝑠
𝑛 




Boltzmann constant 𝑚3. 𝑘𝑔. 𝑠−2𝐾−1 
𝐾𝑠 Packed permeability 𝑚𝑑 
𝐿 
 
Length of Plateau border 𝑓𝑡 
𝑀 
 
Interfacial mobility ratio 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 
𝑛 Ionic concentration 
 
𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 
𝑛𝐹𝑜𝑎𝑚 Foam flow behaviour index 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 
𝑛𝐿𝑖𝑞𝑢𝑖𝑑 Base fluid flow behaviour index 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 
𝑃𝑛𝑒𝑡 Net pressure 𝑝𝑠𝑖 
𝑃𝑓 Fluid pressure 𝑝𝑠𝑖 
𝑃 Pressure 𝑝𝑠𝑖 
Page 17 
 
𝑄𝑔 Foam quality % 
𝑟𝑝 
 
Particle radius 𝑖𝑛 
𝑆 Distance along fracture surface 𝑓𝑡 
𝑆(𝑡) 
 
Travelling distance at time 𝑡 𝑓𝑡 
𝑇𝐹 Formation temperature ℉ 
𝑡 
 
Drainage time 𝑠 
𝑉(𝑡) Drained liquid volume at time t 𝑚𝑙 
𝑉(𝑙0) Total liquid volume 𝑚𝑙 








Drainage front velocity at node dominated flow 𝑚𝑙/𝑠 
𝑣𝑠 Vertical slurry velocity 𝑓𝑡/𝑠 
𝑤𝑠 Packed width 𝑖𝑛 
w Fracture width 𝑖𝑛 
𝑧 Ion valency 
 
dimensionless 
𝑍 Vertical distance 𝑓𝑡 
Greek   
𝜂𝑙 
 
Fluid viscosity 𝑙𝑏𝑚 𝑓𝑡 ∙ 𝑠⁄  
𝜇𝑠 
 
Surface viscosity 𝑙𝑏𝑚 𝑓𝑡 ∙ 𝑠⁄  
𝜈 Poisson’s ratio 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 
𝜅−1 Debye length 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 
𝜇𝑎 Apparent slurry viscosity 𝑙𝑏𝑚 𝑓𝑡 ∙ 𝑠⁄  
𝜌𝑠 Slurry bulk density 𝑙𝑏𝑚 𝑓𝑡
3⁄  
𝜌𝑙 Liquid phase density 𝑙𝑏𝑚 𝑓𝑡
3⁄  













Time dependent liquid fraction  
 

































Chapter 1: Introduction 
1.1 Research Background and Rationale  
The purpose of hydraulic fracturing is to generate a large conductive proppant pack area to 
improve the flow of reservoir fluids to the wellbore relative to natural flow (Economides and 
Nolte, 2000). Proppants, such as coated sand and ceramics, are mixed with fracturing fluids so 
that after injection has stopped, there will be physical support to maintain a conductive channel 
or network for reservoir fluids to flow. However, settling of proppant particles can occur 
particularly in low viscosity fluids during pumping and after pumping before fracture closure. 
This settling behaviour can lead to an accumulation of proppant particles in the lower part of 
the vertical fracture. The higher part of a vertical fracture could then have insufficient proppant 
to be conductive. Figure 0.1 shows a typical proppant distribution in a vertical fracture at the 
end of treatment. With adequate fluid viscosity, proppant settling can be minimised, resulting 
in a more uniform distribution as shown in Figure 0.1a. With low viscosity fracturing fluids 
(Figure 0.1b), a less uniform propped fracture geometry results and can be characterised by a 
packed bed of proppants at the bottom of the fracture. The proppant at the top of the pack, or 
dune-like structure, will experience higher stresses (Warpinski, 2010) because it is supporting 
the open arch; this may lead to proppant crushing and additional formation damage (i.e. 
proppant embedment and fines migration). Therefore, it is generally recognised that failure to 
achieve sufficient vertical pay coverage with a propped fracture can seriously reduce the overall 
stimulation performance. Several experimental studies (Alotaibi and Miskimins, 2015; Beg et 
al., 1998; Fredd et al., 2001; Jansen et al., 2015; Li et al., 2016; Pyrak-Nolte and Morris, 2000; 
Wu et al., 2017) and numerical studies (Chang et al., 2017; Clark and Guler, 1983; Liu et al., 
2017; Shiozawa and McClure, 2016; Yu et al., 2015; Zhang et al., 2016) have  investigated the 
relationship between proppant transportation, distribution, and proppant pack conductivity. 
 
Figure 0.1. Schematic of proppant placement before fracture closure: (a) evenly distributed 
proppant; (b) unevenly distributed proppant. 
Previously, foams were introduced as fracturing fluids in the early 1980s, and they have been 
extensively used in various liquid-sensitive and depleted reservoirs (Craft et al., 1992; Goelitz 
and Evertz, 1982; Wamock et al., 1985). It has been commonly reported that foams can achieve 
faster clean-up, low leak-off, and less formation damage than conventional water-based 
fracturing fluids (Burke et al., 2011; Garbis and Taylor, 1986; Goelitz and Evertz, 1982; Harris, 
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1985; Toney and Mack, 1991). Other reported benefits include a lower water consumption and 
reduced swabbing (Blauer and Kohlhaas, 1974; Gaydos and Harris, 1980). Increasing 
transportation costs in remote locations, storage costs, and high surface pumping requirements 
have been identified as limitations for field application (Wanniarachchi et al., 2015). Given the 
ability of foams to induce fractures and carry proppants, it is essential to maintain foam stability 
at high shear rates while pumping and at low shear rates during fracture closing. Failure to 
maintain foam stability results in proppant screen-out either in the fracture or at the wellbore 
or inadequate proppant distribution in the targeted interval at fracture closure, owing to 
inadequate foam stability and proppant redistribution during closure (Johnson, 1995). 
Therefore, the main issue of using foam in hydraulic fracture treatments is foam stability, 
particularly in high temperature conditions when foam becomes more unstable. 
The gap in research has created a new research area for foam stability and it is focused on 
nanotechnology. The mechanism of nanoparticle-stabilised foam is explained in the literature 
review chapter. Therefore, one of the focuses of this study is to determine the nanoparticle 
effect on foam stability as well as on proppant placement during hydraulic fracturing.  
1.2 Research objectives 
The main goals in this study are to develop a non-damaging and stable foam, which can 
transport proppants effectively and to investigate the potential use of nanoparticles to stabilise 
foam and accordingly influence the proppant placement performance for hydraulic fracturing 
applications. The purpose behind this research is to provide general guidelines for the oil and 
gas industry in designing foam fracturing treatment. The specific objectives of this thesis are 
as follows: 
1. To determine the relationship between foam drainage mechanism and proppant settling 
in the presence of nanoparticles.  
2. To develop a polymer-free nano-stabilised foam and understand the effects of 
hydrophilic nanoparticles on foam stability at high temperatures. 
3. To determine the relationship between foam stability and proppant settling with and 
without nanoparticles. 
4. To establish a methodology for foam rheological characterisation with foam stability 
factors. 
5. To investigate the effects of foam stability on proppant concentration distribution and 
post-fracture conductivity and productivity. 
6. To develop screening criteria, indicating the treatment design and foam properties, 
which are more favourable to the application of foam-based fracturing to enhance 
hydrocarbon recovery. 
1.3 Thesis Structure  
The thesis comprises three main sections: literature review, experimental study, and numerical 
study. The overall thesis structure is illustrated in Figure 0.2. 
The first section (chapter 2) involves the review on the theory of foam stability, current practice 
of foam stability enhancement, foam rheology, and proppant settling. 
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The second section (Chapter 3 and 4) can be split into two experimental parts. The first part 
details the free drainage experiment under 25℃. The effect of free drainage on the rheology of 
four different foams without proppant was investigated by generating the liquid fraction 
profiles. Afterwards, the proppant settling experiment was performed and the settling 
relationship with foam stability was studied. Based on the results of the first part, the next set 
of foam stability experiment is conducted under an 90 ℃ environment to simulate the actual 
reservoir condition. In this study, a regular anionic surfactant was employed as the foaming 
agent and a worm-like micelle (WLM) surfactant was employed as foam viscosifer with silica 
nanoparticles. 
The final section (chapter 5, 6, and 7) consists of three simulation studies as follows: 
The first study investigated the fundamental relationship between foam stability and proppant 
placement during hydraulic fracturing. The rheological characterisation of WLM foams was 
performed based on foam quality changes during the foam drainage experiments and also based 
on viscosity breakdown by disproportionation. A 3D hydraulic fracture simulation was 
conducted to evaluate the foam performance as a fracturing fluid using different vertical well 
scenarios. Based on simulation results, like fracture geometries and proppant distributions; the 
impact of WLM foams on hydraulic fracturing were evaluated. 
The next study investigated a new concept to overcome the problem of proppant settling by 
introducing nanoparticles into the WLM foam system. In this study, following a previous 
experimental work, the rheological properties of the developed foam were characterised based 
on experimental results of drainage rate and foam volume decay rate. Then, the developed foam 
rheological model is integrated into the fracturing model. The impact of the WLM foams and 
nanoparticles on proppant distributions and fracture conductivities are evaluated under 
different pumping rates, foam quality, and shut-in time. 
The last study investigated a propane-based fracturing fluid considered as an alternative to 
foam-based fracturing fluids. A multiphase flow model has been developed and linked with the 
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Figure 0.2. Structure of the thesis 
1.4 Overview of chapters 
This thesis is a hybrid dissertation (thesis with publication). Five papers are included in the 
thesis, of which two papers have been published in peer-reviewed journals, two papers have 
been submitted to academic journals and one paper is currently under review (Table 1). The 
thesis contains eight chapters and the details of each are as follows: 
Chapter 1: Introduces the background and motivation, objective and methodology, and 
structure of the dissertation. 
Chapter 2: Presents a literature review of current concepts on foam-based fracturing fluids. 
Chapter 3: Presents an experimental study of free drainage of different foam designs and its 
impact on proppant settling.  
Chapter 4: Presents the development of nano-stabilised WLM foams through foam stability 
test and foam rheology test and their impact on proppant settling. 
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Chapter 5: Incorporates the results of previous experiments, and presents the development of 
hydraulic fracturing modelling to predict proppant distribution and productivity.  
Chapter 6: Incorporating the results of previous experiments, this chapter presents numerical 
investigation into nano-stabilised foams which provide a solution of proppant settling in a low 
permeability reservoir.  
Chapter 7: Presents another type of unconventional fracturing fluid consideration-liquefied 
petroleum gas, which compares hydraulic fracturing effectiveness with foam-base fluid. 
Chapter 8: Summarises the research work in this thesis and presents recommendations for 
future work. 
Table 1.1 Chapter Outlines 
Chapter Title Status 
Chapter 3 Foam drainage on proppant sedimentation in the presence of 
nanoparticles 
Submitted 
Chapter 4 Investigation of nanotechnology on worm-like micelles for high 
temperature foam stimulation 
Published 
Chapter 5 Foam stability and its effects on proppant placement and overall 
effectiveness 
Submitted 
Chapter 6 Hydraulic fracturing by nano-assisted foam-based fluids using a 
fracture propagation model 
Manuscript 








Chapter 2: Literature reviews  
2.1 Theory of foam stability 
Foam stability can be explained by three mechanisms: drainage, disproportionation, and 
coalescence. Foam drainage is caused by liquid gravity segregation (Angarska et al., 2007; 
Koehler et al., 2000). During foam drainage, the foam quality increases with time, influencing 
the foam rheology (Höhler and Cohen-Addad, 2005; Weaire, 2008). Disproportionation is 
caused by the gas transfer between bubbles induced by capillary pressure differences (Maestro 
et al., 2014a). During disproportionation, the bubble size increases, causing the bubble to 
become more ‘fragile’, affecting the rheology and increasing proppant settling in the fracture. 
Finally, bubble coalescence is caused by the rupture of liquid films between neighbouring 
bubbles (Saye and Sethian, 2013). The inter-relationship between foam drainage, 
disproportionation and coalescence determines the foam quality, proppant carrying capacity, 
and foam volume (i.e. bulk deformation of bubbles), thereby controlling the fracturing fluid 
effectiveness. 
2.1.1 Foam drainage 
Figure 0.1 shows a schematic of free drainage which considers a foam sample of initial foam 
height 𝐻𝑜 and initial uniform liquid fraction 𝑜 at 𝑡 = 0 in a cylinder with a closed base. Over 
time, the downward flow of the liquid dries the foam and the liquid accumulates at the base of 
the cylinder. The interface between the foam and the accumulated liquid over time is 
labelled 𝐿𝑡. Foam drainage is the flow of liquid through the channels (Plateau borders) and 
nodes between bubbles of the foam whilst experiencing resistance due to viscous friction from 
the walls (Bhakta and Ruckenstein, 1995; Leonard and Lemlich, 1965; Magrabi et al., 2001). 
Drainage can be described as a complex hydrodynamic process governed by gravity and 
capillary pressure (Hutzler et al., 2005; Koehler et al., 2004; Neethling et al., 2002).  
 
Figure 0.1. Schematic of a free drainage experiment 
Drainage rate is crucially important for foam stability and rheology (see details in Section 2.4) 
as it increases the foam quality (𝑄𝑔) as a function of time as follows: 
 𝑄𝑔
𝑡 = 𝑄𝑔





𝑜 is the initial foam quality, 𝑄𝑔
𝑡  is the foam quality after draining for a certain time 𝑡, 
and 𝑣𝐷 is the foam drainage rate.   
2.1.2 Disproportionation 
Disproportionation is also known as Ostwald ripening and is a process involving the diffusion 
of gas from smaller to larger bubbles. The driving force for this process is the Laplace pressure, 
or the pressure difference between bubbles of different sizes (Figure 0.2): 

















Where 𝜎 is the surface tension and 𝑟𝐴, 𝑟𝐵 are the radii of bubble A and bubble B respectively. 
Capillary pressure coupled with gas solubility in the aqueous phase initiates gas diffusion, 
leading to growth of larger bubbles whilst smaller ones are shrinking. The mechanism of 
diffusive disproportionation in foams has been reviewed both theoretically and experimentally 
in terms of foam film permeability (Farajzadeh et al., 2008).   
 
Figure 0.2. Schematic of Ostwald ripening: bubble A growth from gas diffusion of bubble B 
by capillary pressure driving force (reproduced from Stevenson (2010). 
2.1.3 Foam stability analysis by DLVO theory (Derjaguin and Landau, Verwey and 
Overbeek) 
When a foam film is first created, its wall thickness ℎ𝑤 can be up to a few hundred nanometres. 
The liquid in the film flows away driven by the capillary pressure across the bubbles. The 
DLVO disjoining pressure appears and acts as an opposite force. A positive disjoining pressure 
in the film is necessary to attain film stability and existence of foam. 
The disjoining pressure is based on the attractive and repulsive interactions (Churaev, 2003; 




of the foam film, ℎ𝑤, and can be calculated from three independent terms: Π𝑣𝑤 is the van der 
Waals force, Π𝑒𝑙  is the electrostatic force, and Π𝑠𝑡  is the steric force.   
 Π = Π𝑣𝑤 + Π𝑒𝑙 + Π𝑠𝑡 (5) 
The van der Waals force (Π𝑣𝑤) depends on the Hamaker constant 𝐴𝐻, which is the generalised 








 The van der Waals attractions always destabilise foam films. Therefore, repulsive forces 
(electrostatic force,Π𝑒𝑙 ) produced by surfactant and electrolyte molecules are required to 
balance the attractive force to stabilise the foam films. The electrostatic repulsion (Π𝑒𝑙) to the 
disjoining pressure is approximately calculated as follows: 
 






Where 𝐷 is the Debye length, s is an intermediate value, 𝑐 is the molar concentration of salt, 
and T is the absolute temperature. In addition to van der Waals and electrostatic pressures, the 







Where b is the steric length, below which the disjoining pressure is ‘infinite’ and above which 
Eq. 8 is an adequate approximation, whereas q is the surface charge with values between 0 (no 
steric interaction) and 1 (maximum steric interaction). Figure 0.3 shows an example of the 
disjoining pressure versus film thickness.  
 
Figure 0.3. Disjoining pressure isotherm for foam films including contributions from 𝚷𝒆𝒍,  
𝚷𝒗𝒂𝒏, and 𝚷𝒔𝒕𝒆𝒓𝒊𝒄 (reproduced from Vance (1999).  
There are two equilibrium states of foam films that are defined by thermodynamic conditions. 
Common black films (CBF, 8–100 nm thick) are usually formed when the salt concentration 




films is strong. The film thickness decreases as the salt concentration in the film-forming 
solution increases, resulting in a reduction of the double layer repulsion. Very thin Newton 
black films (NBF, 5 nm thick) are formed at that point, which are stabilised by steric repulsion. 
The strong steric repulsion can oppose high ionic strength but are strongly influenced by the 
different polarisabilities of the ions (Karakashev and Manev, 2001).  
2.2 Foam stability enhancement 
There are two ways to reduce ripening: 1) decrease the solubility of the gas so it diffuses more 
slowly, and 2) increase the resistance to diffusion across the film wall. The first method is used 
depending on the type of gas. In the petroleum industry, N2 and CO2 are most commonly used 
for foam stimulation (Harris, 1992; Harris and Heath, 1996; Watkins et al., 1983). Given that 
nitrogen has a relatively lower solubility in water than CO2, the rate of inter-bubble gas 
diffusion is lower, and this results in a more stable foam. The second method can be achieved 
by adding polyelectrolytes or worm-like micelles (shown in Figure 0.4). The enhancement of 
bulk viscosity is due to the high polymer molecular weight or entanglement of WLMs. Those 
rheology improvements can reduce the film permeability, which retard gas diffusion, and 
therefore, improve foam stability.  
 
 
Figure 0.4. A single foam film containing liquid with thickness,𝒉𝒘, between two adsorbed 
monolayers of surfactant with thickness, 𝒉𝒎𝒍. Addition of polyelectrolytes or WLMs 
enhances the bulk and surface rheology, causing more difficulty in gas diffusion.  
In recent years, the development of nanotechnology has provided an alternative to use 
nanoparticles as foam stabilisers (Carl et al., 2015; Carn et al., 2009; Lv et al., 2017; Zhu et al., 
2015). Many studies (Alargova et al., 2004; Binks and Horozov, 2005; Dickinson et al., 2004; 
Fujii et al., 2006; Urs T. Gonzenbach et al., 2006) demonstrated that nanoparticle-stabilised 
foams can survive for weeks or more, even under extremely harsh conditions. The role of 
nanoparticles in foam stability is that the nanoparticles are adsorbed at the interface, and can 
inhibit bubble coalescence by creating a steric barrier that prevents the advancement of the 
interfaces (Bournival et al., 2015; Stocco et al., 2011). Figure 0.5 shows a schematic of the 
foam interface between bubbles with and without nanoparticles. The attachment energy of a 
nanoparticle to the gas-water interface is usually irreversible and its adsorption energy 




al., 2008b; Hunter et al., 2008; Maestro et al., 2014b; Sun et al., 2015b; Zargartalebi et al., 
2014) reported that SiO2 nanoparticles have a synergistic effect on foam stability with proper 
surfactant concentration, which influences the contact angle of nanoparticles on the interface. 
In the absence of a surfactant, several researchers (Carl et al., 2015; Carn et al., 2009; Lv et al., 
2017; Zhu et al., 2015) introduced hydrophilic or partially hydrophobic nanoparticle-surfactant 
mixtures for developing stable foam. 
 
Figure 0.5. Schematic of a foam structure filled by surfactant molecules (left) and 
nanoparticles (right) 
2.3 Foam rheology versus foam stability 
Foam rheology is an important property for fracture-treatment design. It influences the fracture 
geometry, proppant transport, fluid loss to the matrix, etc. It is affected by foam quality, texture, 
viscosity of the base aqueous phase, pressure, and temperature. Figure 0.6 shows an example 
on how foam viscosity typically varies as a function of foam quality. When foam is relatively 
wet (i.e. low foam quality), the dispersed bubbles do not interact significantly, because the 
majority of the liquid content still exists in the plateau border and both film and gas diffusion 
rates are still low. However, as free drainage occurs, the friction between individual bubbles 
increases the foam viscosity non-linearly with respect to time (Gu and Mohanty, 2015; 
Safouane et al., 2006). When foams become relatively dry (i.e. high foam quality), the bubbles 
interact significantly, which is a condition where bubbles cannot maintain stability, leading to 
a sharp reduction in foam viscosity. Moreover, as the foam quality increases, the proppant 
carrying capacity increases as well and the maximum will be reached at a critical time. This 





Figure 0.6. Schematic of apparent foam viscosity as a function of foam quality 
In addition, shear rate, gelling concentration, and temperature also affect the rheology of the 
foam system. These relationships have been investigated by several research studies (Gu and 
Mohanty, 2015; Harris and Health, 1996; Harris and Reidenbach, 1987; Khade and Shah, 2004; 
Sun et al., 2014) which illustrated in Figure 0.7. In Figure 0.7(a), apparent viscosity decreases 
with increasing shear rate for any type of gelling agent. In Figure 0.7(b), the apparent viscosity 
increases with increasing gelling concentration and the viscosity decreases with increasing 
temperature for a given shear rate. This is because of the enhancement of bulk viscosity owing 
to the high polymer molecular weight. On the other hand, increasing the temperature 






Figure 0.7. Foam viscosity depends on a number of variables: (a) shear rate and gelling 
type, (b) temperature and gelling concentration. 
Currently, there is no universal correlation available for the presentation of rheology data for 
foamed fracturing fluids. Those developed correlations (Gu and Mohanty, 2015; Harris and 
Reidenbach, 1987; Khade and Shah, 2004; Sani et al., 2001; Sun et al., 2014) estimate foam 
rheology under typical field conditions (shear rate, temperature, and pressure) during fracturing 




quality is the percentage of volume occupied by the internal gas phase, which is controlled by 
the foam drainage. 
Table 0.1. Correlations of rheological parameters 
Equations Conditions Paper 
For Γ less than 60%:  
 𝑛𝐹 = 1.54 − 1.64 Γ
2 
 𝑘𝐹 = 10
(5.89 Γ2+0.43 Γ−4) 
For Γ higher than 60%:  




 𝑘𝐹1 = 𝑘𝐹 + (8.6 × 10
−11𝑒21∗Γ)[𝑃 − 1000] 
Aqueous 𝑁2 foam 
 𝑇 < 150℉ 
 𝑝 < 2000 𝑝𝑠𝑖 




For 0–80 lbm/Mgal HPG 
 𝑛𝑡 = 𝑛75𝑒
(0.0028−0.0019Γ)(𝑇−75) 
 𝐶2 = 𝑒
−(3.1+3𝑛75) 




 75℉ < 𝑇 < 300℉ 




































 60% < 𝛤 < 80% 
 100℉ < 𝑇 <
200℉ 










 𝜏𝑜 = 0.013𝑒
3.5Γ 






 𝜏𝑜 = 0.038𝑒
2.5Γ 










 60% < 𝛤 < 80% 
















 𝑘𝐹 = 7.94exp [(0.455Γ − 0.248) × (10 −









 50% < 𝛤 < 75% 
 104℉ < 𝑇 <
176℉ 
 1450 < 𝑝 <
4350 𝑝𝑠𝑖 
 Power law model 






2.4 Proppant sedimentation 
Proppant or particle sedimentation in hydraulic fracturing is of great interest from both 
fundamental and practical points of view. In a homogeneous Newtonian fluid, the 
sedimentation of particles has long been studied using Stokes’ law (Stokes, 1851), where the 
terminal velocity of a particle depends on the viscosity of the liquid, density difference between 
particle and liquid, and square of particle radius. On the other hand, the sedimentation process 
has not been well known in non-Newtonian fluids such as foam, which is an excellent carrying 
medium to suspend particles due to its local structure (Jing et al., 2016; Wyn et al., 2008). 
Particle sedimentation can be explained by the amount of net force on a particle during drainage 
process. Generally, there are three different forces, namely gravity (𝑔), pressure force (𝐹𝑝), and 
pulling force of film network (𝐹𝑛 ), which act on each particle during sedimentation as 
illustrated in Figure 0.8. 
 
Figure 0.8. Different forces acting on films and bubbles in a particle: gravity (green arrow), 
network force (black solid arrow), and pressure force (black dashed arrow). 
Several studies on sedimentation were performed by Cox and co-workers (Cox et al., 2006; 
Davies and Cox, 2009; Wyn et al., 2008) using simulations of drag force on disks moving 
relative to a 2D foam. The sedimentation depends mostly on drag force components due to 
local elasticity and plasticity in the structure. As foam is a naturally unstable medium, the 
structure is always changing; the liquid fraction effect (Jing et al., 2016; Raufaste et al., 2007) 
has been used to characterise the forces acting on particles.  
2.5 Summary 
In this chapter, the theory of gravity drainage and disproportionation as two main mechanisms 
in foam stability are first discussed. Then, foam stability analysis by disjoining pressure and 
DLVO theory is explained. Furthermore, the literatures on current research of foam stability 
enhancement are reviewed. The relationship between foam rheology and foam stability are 
discussed in a separate subsection. Finally, the theory and literature on sedimentation of 




Chapter 3: Foam drainage on proppant sedimentation in the presence 
of nanoparticles  
3.1 Introduction 
This chapter presents an experimental analysis on the relationship between foam drainage and 
proppant suspension for different foam designs in the presence of nanoparticles. The chapter 
begins by describing the foam drainage experiment under 25℃. The effect of free drainage on 
the rheology of four different foams without proppant was investigated by generating the liquid 
fraction profiles. Then, a proppant sedimentation experiment was performed and the settling 
relationship with foam stability was investigated. This chapter is a modified and adjusted 
version of the manuscript, ‘Fei, Y., Zhu, J., Xu, B., Li, X., Gonzalez, M., & Haghighi, M., 
(2017). Free drainage of foam mixed with coarse particles in the presence of nanoparticles 
(manuscript submitted to SPE Hydraulic Fracturing Technology conference)’.  
3.2 Materials 
Sodium dodecyl sulfate (SDS) and sodium dodecyl benzene sulfonate (SDBS) were provided 
as solid powder by Chengdu Kelong Co., Ltd, China (95 wt% active content). Carboxymethyl 
hydroxypropyl guar (CMHPG) was provided by Halliburton China Pty Ltd. Nano-fumed silica 
(with an average size of 40 nm) powder was purchased from China Aladdin Chemical Co., Ltd. 
Sodium chloride (NaCl) and 20/40 mesh size carbon proppant were provided by the State Key 
Laboratory of Oil and Gas Geology and Exploitation, South West Petroleum University, China. 
All of these chemicals were used without further purification. Deionised water was used in all 
experiments. All working solutions were prepared immediately before each experiment at 25 ±
1 ℃ temperature. 
3.3 Sample preparation 
     Foam A. Foam sample A was prepared using a mixture of anionic surfactant of 0.05 wt% 
SDS and 0.05 wt% SDBS. The surfactants were added into 100 mL of deionised water and a 
glass rod was gently rotated to dissolve the surfactant powder to avoid bubble formation. The 
viscosity was measured using a FANN35 viscometer.  
     Foam B. Foam sample B was prepared by mixing 0.8 wt% hydrophilic nano-fumed silica 
with sample A. Nanoparticle size measurements were conducted on Mastersizer 2000 from 
Malvern Instrument (UK) using laser diffraction. The intensity of light scattered as a laser beam 
passes through a dispersed particulate sample was measured. Then, the light intensity was 
analysed to calculate the size of particles that created the scattering pattern. The aggregate 
particle size distribution of the silica particles is shown in Figure 0.1 with an average size of 
11 μm. Nanoparticles were added after the surfactants were dissolved into the solution. Once 
all the nanoparticles were completely mixed, high-speed homogenisation of the chemical 
mixture at 8,000 rpm for 1 min with entrained air was performed to produce fine foam. The 
high speed was used to generate very small bubbles to minimise film rupture and coarsening 
impact on the free drainage stage. After complete mixing, the foam was immediately 
transferred to the same 500 ml measurable cylinder as foam A and free drainage data were 
recorded for the foam without coarse particles. Then, the sedimentation experiment was 





Figure 0.1. Particle diameter distribution of nanoparticles 
  Foam C. In order to investigate the effects of viscosity on gravity drainage in foam mixed 
with coarse particles, foam sample C was prepared by adding 0.36 wt% CMHPG to foam 
sample A.  
 Foam D. To study the effect of ion strength on foam drainage and settling of coarse particles, 
foam sample D was prepared by adding 7% NaCl to foam sample A. 
3.4 Experimental procedure 
After preparing each sample, the foam was immediately transferred to a 500 ml measurable 
cylinder and the starting height with a foam column having a uniform vertical liquid fraction 
was recorded. During the experiments, the total height of foam 𝐻𝑡, height of drained liquid 𝐿𝑡, 
and time 𝑡 were recorded. Figure 0.2 shows a schematic of the recorded parameters versus 
time during free drainage. After the experiment of the base case was completed, the same foam 
was mixed with 1 wt% carbon particle concentration with a 20/40 mesh size (equivalent 
diameter 𝐷𝑝 = 700 μm) and density 𝜌𝑝 = 2000 kg m
3⁄ . We used a 500 ml cylinder to ensure 
that the cylinder diameter was at least 25 times larger than the diameter of the particles to 
minimise the wall effect on the settling velocity. The process time was recorded to calculate 
the sedimentation velocity. First, free drainage data were recorded for the foam without 
particles followed by the sedimentation experiment when the foam was mixed with coarse 
particles. 























Figure 0.2. Schematic of free drainage experiment 
3.5 Results and discussion 
3.5.1 Free drainage 
The results of foam height  𝐻𝑡  versus time are shown in Figure 0.3Figure 0.3. As can be 
observed, foam A and foam B show a foam volume of approximately 450 mL corresponding 
to a foamability of 80% gas quality. While the foam volume of foam A starts to decrease after 
2000 s (40 min), foam B remains stable for the entire duration of the 2 h test (7200 s). Therefore, 
the effect of nanoparticles in our tests on foam stability improvement was confirmed. Foam C 
and foam D demonstrate less foamability than A; however, they were stable for the entire 2 
hours period.  
 
Figure 0.3. Foam height vs. time for four different samples 

























As a further stability analysis, we examined the trend of drainage profiles in our samples. A 
drainage profile is produced from the recorded drained liquid height (L) versus time. Figure 
0.4 displays the normalised drained liquid volume (𝑉(𝑡) / 𝑉(𝑙0)) versus time. 𝑉(𝑡) is the foam 
volume that has been drained out of the foam, and 𝑉(𝑙0) is the total volume of liquid in the foam 
at t = 0. In each sample, the drainage half-time 𝜏 was recorded when the drainage front reaches 
the bottom of the foam. The drainage half-time 𝜏 for each sample is also shown in the figure. 
We have calculated the drainage half-time from a theoretical formula and obtained a good 
agreement between the experimental and theoretical values for foam samples A to C. However, 
for high salinity foam, the results of the theoretical formula (see Eqs. 24 to 26 in Appendix A) 
are not consistent with those of the experiments. From the drainage profile, a critical time 𝜏1 is 
identified when the curve reaches an asymptotic value. Thus, two different drainage regimes 
of 𝑡 < 𝜏1 and 𝑡 > 𝜏1are identified for foams A, C, and D. We name the region for 𝑡 < 𝜏1 as 
free-drainage-dominated regime, and for  𝑡 > 𝜏1 , the relaxation regime. By comparing the 
curves for different foam samples, it is observed that in the free-drainage-dominated 
regime, the drainage rate is strongly dependent on the liquid viscosity. For example, in Figure 
0.4(c), foam with high viscosity will result in a low drainage rate. Therefore, the liquid content 
will decrease more slowly and the remaining liquid in the foam acts as an ‘obstacle’, which 
delays the coarsening and coalescence process. However, in the relaxation regime, we reach a 
critical rate in which the drainage rate is not changing anymore. Because the foam is much 
drier than that in the free-drainage-dominated regime, we concluded that the radius of curvature 
of Plateau borders is smaller. Therefore, according to Young–Laplace equation, the capillary 
pressure is higher, which is balanced by gravity and the disjoining pressure. In this regime, 
bubble coarsening and rupture become more dominant. 
Although, the liquid viscosity is a criterion for defining the two different regimes, a third 
regime can also be identified for the case of a nanoparticle foam in which two critical times of 
𝜏1 and 𝜏2 are identified as shown in Figure 0.4(b). This period when (𝜏1 < 𝑡 < 𝜏2) is called 
the transition period. As can be observed in foam B, the presence of nanoparticles can reduce 
the fast drainage rate during the gravity drainage-dominated regime. After that period, a 
transition regime can be observed in which the starting time of the relaxation regime is delayed. 
Therefore, more stable foam is produced. This mechanism can be explained by the blocking of 
Plateau borders by nanoparticles. When the Plateau border is reduced, the local geometry of 
the liquid drainage channel will be reduced as well. We observed that the transition period is 
more pronounced when the SiO2 nanoparticle concentration is more than 2%. This mechanism 





Figure 0.4. Free drainage curves for liquid foams: (a) foam A, (b) foam B, (c) foam C, and 
(d) foam D. 
3.5.2 Liquid fraction profile 
The liquid fraction profile was developed and displayed in Figure 0.5 for all four samples. The 
main input parameters are the initial foam height, solution viscosity, liquid density, and initial 
liquid fraction (Table 0.1). The initial liquid fraction was calculated based on the ratio of the 
liquid volume to the initial foam volume. These profiles show the distribution of the liquid 
content in the foam from the top of the column, which is changing towards the bottom and also 
changing with time during the gravity drainage experiments. At 𝒕 = 𝟎, the liquid fraction is 
uniform and constant (𝜺𝒍
𝑨 𝑎𝑛𝑑 𝜺𝒍
𝑩 = 𝟎. 𝟐, 𝜺𝒍
𝑪 = 𝟎. 𝟑𝟏, 𝑎𝑛𝑑 𝜺𝒍
𝑫 = 𝟎. 𝟑). The profile is produced 
from 𝑡 = 0 to 𝑡 = 𝜏1 because after the time 𝜏1, the drainage rate is almost negligible. As can 
be observed in Figure 0.5, different foams show different patterns in their profiles. The profile 
in all samples shows that the upper section is always lower in liquid content, or relatively drier 
than the lower part of the container. This indicates that the overall uplift pulling forces exerted 
on the foam decreases from top to bottom. In addition to this general trend, we observed that 
the high viscosity foam C (CMHPG) exhibits a more homogeneous profile in comparison to 
the other 3 samples. In this study, we calculated the liquid fraction profile to quantify the effect 
of drainage. The following four steps comprise the calculation procedure: 1) defining the flow-




half-time, and 4) calibrating the drainage half-time between theoretical and experimental 
values. The details of the calculations are given in Appendix A. 
 
Table 0.1. Main input parameters to calculate drainage velocity 
Parameter Foam A Foam B Foam C Foam D 
Initial foam height, H                  
(cm) 
20.0 19.8 14.1 14.7 
Average diameter of bubble, D                     
(𝛍𝐦) 
325 294 202 270 
Solution viscosity, 𝜼 
 (𝐠 (𝐜𝐦 ∙ 𝐬)⁄ ) 
0.03 0.04 0.26 0.035 
Density, 𝝆                                    
(g/cc) 
1 1.02 1.003 1.15 
Initial liquid fraction, 𝜺𝒐                                                   
(dimensionless) 
0.2 0.2 0.31 0.3 
Length of Plateau border, L               
(𝛍𝐦) 
112 110 81 115 
Calculated drainage velocity, 𝑽𝒅  
(𝐜𝐦 𝐬⁄ ) 
0.058 0.043 0.003 0.069 
Mobility, M                      
(dimensionless) 
0.37 0.48 2.87 0.47 
Theoretical drainage half-time, 𝝉                  
(s) 
301 477 5983 217 
Experimental drainage half-time, 𝝉                  
(s) 






Figure 0.5. Vertical profiles of liquid fraction as a function of time and height for foam. The 
scale of the time (𝒕 =  𝝉𝟏) is based on the drainage regime. The labels (a)–(d) refer to foams 
A–D. 
3.5.3 Proppant sedimentation 
Figure 0.6 shows the results of free drainage experiments for foams A–D mixed with 1 wt% 
carbon particles. The sedimentation versus time is measured in a 500 ml graduated glass 
cylinder during the free drainage regime. As the foam volume decreases, the particle starts to 
move downwards and accumulates at the bottom of the foam column. The increment of total 
particle concentration on the existing foam causes the acceleration of particle settling. Because 
foams A, B, and D have the same drainage time  (𝝉𝟏  = 15 min), four snapshots of the 
sedimentation at 1, 5, 10, and 15 min are shown for those samples. However, the drainage time 
for the highly viscous foam C is 90 min and the sedimentation is shown in 1, 30, 60, and 90 
min. By comparing the sedimentation in foams A and B, the settlement was found to be low 
for both cases and no significant difference was observed. However, foam D with high ionic 
strength exhibited a high sedimentation in the early times but was reduced at the end of the 






Figure 0.6. Different snapshots of particle sedimentation experiments for foams A–D during 
foam drainage regime 
For foams A and B, we believe that the total pulling force at the initial liquid fraction 𝑜
𝐴 𝑜𝑟 𝐵 =
0.2 is smaller than the gravitational force. Therefore, the particle is moving downwards. The 
pulling force 𝐹𝑧  could be increased by fast liquid drainage, which decelerates the proppant 
sedimentation or makes the suspension more stable. However, after time 𝜏1 , the proppant 
sedimentation tends to be more dependent on coarsening and coalescence, and thus, the total 
pulling force is reduced. Proppants in foam D exhibit an unstable scenario, where high amount 
of particles settle in the early stages of the drainage regime. This could be explained by the 
high ionic strength (7 wt% of NaCl) that contributes to a relatively lower electrostatic repulsion. 
This phenomenon accelerates the coarsening rate and therefore decreases the total pulling 
force. For foam C, which has high viscosity and high initial liquid content  𝑜
𝐶 = 0.31, it 
requires a long draining time to reach the relaxation regime. This means that particles with 
weights greater than the initial total pulling force are moving downwards, reducing the liquid 
drainage rate. This is an indication of gradual increase of pulling force. This requires a long 
drainage time to reach the force balance, resulting in more particles settling during the drainage 
regime. However, in foam C, it is unclear whether the coarsening effect interferes during the 
free drainage stage. At this point, the particle settling mechanism contributes to the liquid 
fraction and thus to the drainage. 
Based on our sedimentation results, we have developed an area chart (Figure 0.7) to visualise 




during sedimentation. The number of particles in different areas in the figure indicates the 
suspension capacity of the proppant. As can be observed, in the free drainage regime, the 
suspension capacity generally increases with high foam quality and the maximum is reached 
when t =𝜏1. Therefore, in order to reach the optimum foam quality, it is required to reach the 
drainage time 𝜏1. As high viscosity foam has a low drainage rate, or low slope, it requires a 
long time to reach that maximum gas quality. For example, the increase of polymer 
concentration will suppress the foam volume formation in highly viscous foam, requiring a 
long time to reach the optimum foam quality owing to the drainage rate and the high initial 
liquid fraction. Therefore, regardless of foam stability, we should have not only a large 
proppant carrying capacity with high viscosity, but also fast drainage to reach the maximum 
foam quality. Because it is believed that after the free drainage period the bubble diffusion 
becomes more dominant and results in bubble size growth and foam volume reduction, after 
the maximum point in the graph, the viscosities and total pulling force of dry foams start to 
decrease in both low and high viscosity foam cases.  
 
Figure 0.7. Area chart for foam quality vs. apparent viscosity and total pulling force at two 
different regimes during sedimentation 
Furthermore, it was found that the addition of nanoparticles will result in slightly more 
proppants carried in the drainage regime as it is enhancing the viscosity. In addition, it was 
previously found that a rough bubble surface (Lv et al., 2015) and the presence of 
nanocomposite aggregates with micrometre size will contribute to creating a transition regime 
(Figure 0.4b), which will reduce the coarsening mechanism to some extent. We have 
concluded that nanoparticles, will maintain the dry foam stability when reaching the coarsening 




research studies (Binks et al., 2008a; Maestro et al., 2014a; Sun et al., 2015a; Sun et al., 2015b), 
which confirmed that nanoparticles can be adsorbed on the foam film in the presence of a 
suitable surfactant concentration (to increase the film rigidity and therefore to prevent bubble 
diffusion). This shows the possibility of solid silica adsorption on the foam film to prevent 
foam rupture. Therefore, for the enhancement of particle suspension, it is required to develop 
a foam with a suitable viscosity and sufficient total pulling force to carry the designed amount 
of proppants with a given initial foam quality. The author found that nanoparticles make the 
foam more stable and a high foam quality yields the largest particle carrying capacity. 
3.6 Summary 
In summary, the main finding as explained in this chapter is that foam drainage can help in 
suspending more proppant. However, the major question is how long can the proppant be kept 
in suspension, which is related to maintaining stability. When foam reaches a high gas quality, 
the structure becomes more ‘fragile’ and easily breaks. In the presence of high ionic strength, 
the foam structure can be damaged even more quickly and the particle suspension becomes 
worse. In addition, it is generally easy to suspend particles in highly viscous foam owing to the 
high total pulling force and long free drainage regime. Nanoparticle-stabilised foam has been 
found to create a transition regime that delays the foam coarsening and coalescence. Therefore, 
in order to maintain a high proppant suspension capacity, nanoparticles with polymers or other 
viscosifers in the mixture and with surfactants are proposed as potentially good additives to 




Chapter 4: Investigation of nanotechnology on worm-like micelles for high 
temperature foam stimulation 
 
 
Fei, Y., Zhu, J., Xu, B., Li, X., Gonzalez, M., & Haghighi, M. (2017). Experimental 
investigation of nanotechnology on worm-like micelles for high-temperature foam stimulation. 


































Chapter 5: Foam stability and its effects on hydraulic fracture 
proppant placement and overall effectiveness 
5.1 Introduction 
 This chapter discusses the inclusion of a foam stability factor into hydraulic fracture 
modelling based on an experimental study of foam stability, resulting in rheological properties 
that improve the hydraulic fracture performance. Previous experimental results provide a 
general guideline for sensitivity analysis of foam stability factor for fracture modelling. To 
minimise formation damage in foam fracturing designs, a ‘living’ polymer made of WLMs is 
used as the base fluid. Finally, a 3D hydraulic fracture modelling is used to evaluate the impact 
of foam stability on the resulting proppant distribution within the hydraulic fracture. This 
chapter is a modified and adjusted version of our paper submitted to Journal of Natural Gas 
and Engineering, ‘Fei, Y., Pokalai, K., Johnson, R., Gonzalez, M., & Haghighi, M. (2017). 
Experimental and simulation study on foam stability and its effects on hydraulic fracture 
proppant placement’. 
5.2 Methodology 
This chapter has three sections: 1) foam stability experiments, 2) foam rheological 
characterisation, and 3) 3D hydraulic fracturing simulation. The details of the workflow are 
shown in Figure 0.1. First, based on the experimental results in Chapter 4, the foam rheological 
properties were calculated by using an existing rheological correlation from literature. The 
rheological properties of the micellar-based fluid system were obtained from a fracturing fluid 
database. For dynamic conditions, the liquid drainage rates were obtained from the experiment 
to consider that foam quality changes with time. Eventually, a rheology curve was created, 
which was matched with the observed input data points by adjusting the rheological parameters 
in the correlation. Next, a planar, fully 3D hydraulic fracturing simulation was developed to 
model the fracture propagation and proppant transport. 
The details of the model development have been described in our  published paper “3D 
Simulation of Hydraulic Fracturing by Foam Based Fluids Using a Fracture Propagation Model 
Coupled with Geomechanics in an Unconventional Reservoir  in the Cooper Basin, South 
Australia”(Fei et al., 2016). In the simulation, the developed foam rheological model is 
integrated into the designed pumping schedule, which recalculates the rheological properties 
on a grid-by-grid basis and predicts proppant distribution and conductivity. As previously 
mentioned, there are four different cases: Case 1, constant foam quality (static condition), 
which assumes that the foam is entirely stable during the fracture progress with no gas 
fractional changes; Case 2, variable foam quality (dynamic condition), where foam quality is 
based on experimental drainage rate observations and gas fractional changes with time; and 
Cases 3 and 4 as less stable foams based on the duration of the critical time to analyse the 
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Figure 0.1. Workflow of experiment and model development 
5.3 Experimental results 
As analysed in Chapter 4, the initial foam volume is inversely proportional to the erucyl 
amidopropyl betaine (EAPB) concentration as presented in Figure 0.2a. The effect of EAPB 
on foam generation is significant—in one case reducing the foam volume from 525 ml to 170 
ml (i.e. foam quality of 37.5%). As the viscosity of a foaming solution increases with the 
addition of EAPB, it is more difficult to diffuse gas into the solution at the same mixing rate 
(e.g. rotational speed of Warning blender), thereby reducing the foam volume. This observation 
also explains the difficulty of generating high foam qualities when high concentration of 
viscosifiers is employed to achieve better proppant transportation in hydraulic fracturing. For 
foam drainage and rupture test, 3% EAPB was used as the experimental case study to balance 
between foam quality and stability. Field practitioners have used delayed crosslinking of 
natural gums to achieve more stability in foamed fracturing fluids in order to transport higher 
concentrations of sand and limit the detrimental effects of crosslinking on foam generation 
(Freeman et al., 1986; Johnson, 1995). 
After the foam formation, several processes occur, each of them leading to foam destruction. 
For further stability analysis, the trend of drainage profile for 3% EAPB samples is studied. 
Figure 0.2b displays the normalised drained liquid volume (𝑉(𝑡) / 𝑉(𝑙0)) versus time. 𝑉(𝑡) is the 
foam volume that has been drained out of the foam, and 𝑉(𝑙0) is the total volume of liquid in 




however, this study has found that drainage half-life is not a key parameter to foam stability, 
particularly as it pertains to hydraulic fracture treatment simulation. Instead, the foam critical 
time (80 min), which is the intersection of drainage trend (from 30 min to 80 min) and 
disproportional trend (90 min to 140 min), is the key parameter defining foam stability. 
In addition, Figure 0.2c shows the ratio of the remaining foam volume to the total volume, 
illustrating that the foam volume decreases gradually during the first 90 min, then sharply 
declines until no foam remains at 140 min. This is consistent with the drainage profile 
behaviour; thus, before the critical time, the samples are still in the drainage-dominated regime 
(still contain sufficient film thickness) and bubble diffusion remains at a minimum. After the 
critical time, the foam ruptures quickly as the capillary suction pressure is more dominant than 
the disjoining pressure. Figure 0.2d presents the volume change of the 3 wt% EAPB sample 
under 90 ℃. At 90 min, it can be observed that most of the liquid drains to the bottom and 
correspondingly the bubble size to grow significantly. The coupling effect of drainage and 
disproportionation eventually causes the foam rupture. The experiment presents the entire 
lifetime of the foam, from drainage to disproportionation and eventually to coalescence.  
 
Figure 0.2. Foam stability varies with EAPB concentration under 𝟗𝟎 ℃ based on (a) 
foamability, (b) foam drainage, (c) foam rupture, and (d) foam lifetime visualisation 
5.4 Foam characterisation based on Carreau rheological model 
Modelling of stability coupled with rheology of foam during a hydraulic fracturing treatment 
is a complex issue in this work. The time dependence of a non-Newtonian foam is modelled 
by predicting the variance of two primary base fluid (power law) parameters, 𝑛𝐿𝑖𝑞𝑢𝑖𝑑 
and 𝑘𝐿𝑖𝑞𝑢𝑖𝑑, and then coupling with the gas concentration to approximate the parameters for 




2004) have analogously predicted the consistency and flow behaviour index of foam fluids as 
a function of foam quality (𝑄𝑔): 
 𝑛𝐹𝑜𝑎𝑚
𝑛𝐿𝑖𝑞𝑢𝑖𝑑








In this study, a planar, fully 3D hydraulic fracturing model known as GOHFER (Barree, 1983) 
was built. This model uses a Carreau rheological model to describe the time-dependent fluid 
properties as a function of position in the hydraulic fracture, shear rate, temperature, and sand 
concentration. The Carreau model relies much on the same data as the power law model, based 
on a foam power law exponent (nFoam) and fluid consistency index (kFoam). In addition, values 
of zero-shear viscosity (μo) (Asadi et al., 2002), high-shear viscosity (μ∞), and slurry rheology 
exponent (a) are required to determine the apparent viscosity (𝜇𝑎𝑝𝑝) as follows:   
 
























Where 𝛾𝑙 is the curve-fit low shear transition, 𝛾 is the shear rate, 𝐶𝑣 is the volume fraction of 
solids, and 𝑆𝑓 is the sand factor. Each parameter is time dependent and changes with 
temperature and breaker reactivity affecting μo and μ∞.  
The foam quality in static conditions is always constant during the treatment, and the apparent 
viscosity could only be controlled by the time dependency of 𝑛𝐹𝑜𝑎𝑚  and  𝑘𝐹𝑜𝑎𝑚 . In the 
experiment, the model was run with a dynamic foam quality based on drainage observation. 
Thus, the apparent viscosity of the dynamic foam is controlled by an additional time-dependent 
foam quality variable 𝑄𝑔
𝑡 . The calculated results are summarised in Table 0.1. From t = 0 min 
to  t = 30 min , there is almost no liquid drainage in the experiment; the viscosity of the 
dynamic and static foam is the same. From t = 30 min to tcr = 80 min, the viscosity of the 
dynamic foam increases owing to the effect of drainage. From tcr = 80 min  to  trup =
140 min, the viscosity of the dynamic foam decreases by disproportionation, then after trup =
140 min, the foam totally collapses and no single structure remains. Following disassociation, 
the fluid is characterised by the base fluid rheology, which is assumed to be completely 
degraded by breakers added to the foam and eventually reverts to the viscosity of water (1 cP).  
Using the above results, the apparent viscosity versus time can be plotted (see Figure 0.3(a)) 
as increasing from an initial base fluid viscosity to a threefold static foam viscosity 
(based on 𝑄𝑔 = 52%) as a result of the foam structure. The static and dynamic foam do not 
differ in the first 30 min, a period where the foam is completely stable. After 30 min, the foam 
drainage starts to increase, then the viscosity of the dynamic foam increases until it reaches a 




behaviours from the static and dynamic foam studies were matched to the Carreau rheological 
model as shown in Figure 0.3(b) and Figure 0.3(c). 
In addition to the above models, two synthetic cases were created to illustrate the effect of foam 
stability on hydraulic fracturing outcome. These cases were created by horizontally shifting the 
apparent viscosity of the dynamic curve (𝑡𝑐𝑟 = 80 min) to the critical time 𝑡𝑐𝑟 = 20 min 
(medium stability) and to the critical time 𝑡𝑐𝑟 = 3 min (low stability), as illustrated in Figure 
0.4. Then, the same process of curve matching was performed with respect to the Carreau 
rheological model. 
Table 0.1. Rheological properties of static foam and dynamic foam 








Foam Quality Apparent 
Viscosity 
(min) (%) (cP)  (%) (cP) 
1 52.381 234.778 0 52.381 234.778 
10 52.381 234.778 0 52.381 234.778 
20 52.381 234.778 0.01 52.632 237.737 
30 52.381 230.214 0.03 53.140 239.152 
40 52.381 199.670 0.1 55.000 228.091 
50 52.381 166.624 0.25 59.459 241.290 
60 52.381 124.648 0.425 65.672 256.768 
70 52.381 96.162 0.6 73.333 311.331 
80 52.381 75.496 0.7 78.571 331.151 
90 52.381 59.524 0.75 81.481 307.620 
100 52.381 44.280 0.755 81.784 230.997 





Figure 0.3. (a) Rheological properties of base fluid, static foam, and dynamic foam; (b) 
Carreau rheological model matching with obtained data points of static foam quality and (c) 
dynamic foam quality 
 
 
Figure 0.4. Development of synesthetic (medium and low stability) rheology curves from the 




5.5 Hydraulic fracturing modelling 
A 3D hydraulic fracturing simulation was developed using GOHFER (Barree, 1983). After 
running four different stability scenarios, the relationship between foam stability and fracture 
properties was obtained. The reservoir properties and the treatment parameters are assumed 
based on a typical tight sand reservoir in the simulation and they are listed in Table 0.2.  
Table 0.2. Input data for standard treatment condition 
Well Parameters Value 
Measured depth, ft  
Thickness, ft 
Reservoir pressure, psi 
Permeability, md 
Porosity, % 
Water saturation, % 











Type of Fracturing Fluid  
Clean volume, gal 
Proppant type, mesh 
Proppant amount, lb 
Initial foam quality, % 
Total pumping time, min 
Shut-in time, min 










As discussed previously, we first modelled the created fracture geometry and resulting 
proppant distribution within the hydraulic fracture as per a standard job design in the industry 
(Table 0.2) and based on the degree of foam stability (Figure 0.4). 
Second, a sensitivity study of the shut-in time is performed. Longer or shorter shut-in periods 
affect the foam stability, which subsequently influence the proppant distribution, conductivity, 
and post-treatment production. Foam rheology at any point of the treatment depends on foam 
stability as shown in Figure 0.5. The rheology profile can be split into two main parts: a stable 




region outside the stable envelope, where foam drainage and disproportionation affect the 
rheological properties. The shut-in period, varying from 0 to 1000 min, is investigated in this 
study, with fixed pumping time of 60 min. 
The following models show (1) the relationship between foam stability and fracture properties 
under standard treatment conditions, and (2) the relationship between shut-in time and 
production performance. These include fracture geometry and proppant distribution impacted 
by the shut-in time, when considering significantly shorter or longer foam life. Consequently, 
the overall well production is affected by the foam behaviour during both pumping and shut-
in periods. 
 
Figure 0.5. Generic foam rheology vs. foam stability under fracture treatment time 
5.6 Results and discussion 
5.6.1 Foam stability study 
In the standard treatment condition, it can be observed that larger propped areas are created 
and proppant is placed homogeneously in the static and dynamic cases (Figure 0.6). This is 
because the job time (60 min pumping and 30 min shut-in) is not significantly longer than the 
critical time for the dynamic foam (80 min). This indicates good foam stability results and good 
proppant transportation capabilities. In the medium stability case, the proppant carrying 
capacity decreases with foam stability, which causes more discontinuity in post-fracture 
production. In the low stability case, the low viscosity fluid and net pressure lead to a narrow 
aperture and hence, a long penetration distance according to the total mass balance. This 
behaviour is due to an early rupture of the foam film during the treatment, which causes the 
apparent viscosity to drop significantly and to promote proppant settling, leading to poor 




excessive and undesirable fracture length as it could not transport the proppant to a further 
distance into the fracture.  
Besides the fracture geometry, the fracture conductivity is another important treatment output 
that has a direct impact on the fracture productivity. Table 0.3 shows the summary of fracture 
geometries, average proppant concentration, and conductivity for different foam stability. 
Generally, relatively stable foam provides a better proppant transportation, higher propped 
area, and higher conductivity. However, the average fracture conductivity of the low stability 
case is the highest. This is because the proppant accumulates in the nearby wellbore area owing 
to poor transportation. 
Table 0.3. Results of hydraulic fracturing for different foam stability 




Fracture height, ft 110 115 100 60 
Average fracture width, in 
Propped half-length, ft 
Propped area, ft3 
Average proppant 
concentration, lb ft2⁄  






















Figure 0.7 shows the first year cumulative gas productions created by the four cases. The static 
and dynamic foam cases exhibit the best productivity; their curves are almost the same 
(overlapping). While the low stability foam provides a higher production during the initial 120 
days compared with the medium foam case owing to higher fracture conductivity, it yields the 
worst cumulative production owing to the limitation of propped area. This phenomenon can be 






Figure 0.6. Proppant concentration distribution for four different scenarios. Proppant 
concentration is scaled from 0 𝐥𝐛 𝐟𝐭𝟐⁄  (light green) to 1.5 𝐥𝐛 𝐟𝐭𝟐⁄  (purple) 
 





5.6.2 Shut-in conditions study 
After reviewing the above results, it is concluded that foam stability is one of the essential 
parameters to be considered in designing a foam fracturing treatment.  
From the results shown in Figure 0.8, it can be observed that the static and dynamic foam 
exhibit almost the same fracture productivity during the first 80 min shut-in. The initial 140 
min (60 min from pumping and 80 min from shut-in) is consistent with the foam rupture time 
(𝑡𝑟𝑢𝑝 = 140 min) from the experiment stability result. When the foam structure is completely 
ruptured, only the base fluid remains, resulting in leak-off increase; moreover, the proppant 
tends to drop at the bottom of the fracture, and the total propped area decreases. Thus, the 
production significantly decreases. Interestingly, the dynamic foam shows 5 MMscf of 
cumulative production, which is higher than the static case after 80 min shut-in. We believe 
that this is because the designed pumping time (𝑡𝑝𝑢𝑚𝑝𝑖𝑛𝑔) ranges between the stable time (𝑡𝑠 ) 
and critical time (𝑡𝑐𝑟). The proppant transportation in the fracture is improved by the drainage 
effect. For the low stability case, the foam critical time is much less than the pumping time, 
and the loss of apparent viscosity during proppant placement leads to less propped area and 
productivity. From these observations, it is shown that foam drainage, to some extent, improves 
the fracturing productivity, depending on the location of pumping time between foam stable 
time and foam critical time (see pumping time example on dynamic foam in Figure 0.5). The 
issue of long shut-in time leads to complete coalescence of foam, and the remaining low 
viscosity liquid can be detrimental to the final propped area and conductivity while the 
formation is still in the period of closure. Hence, it is recommended that the design pumping 
time is just less than the foam critical time and shut-in before the foam would be ruptured. 
 





5.7 Model challenge 
In the simulation model, the proppant settling (Harris et al., 2009) is mainly based on the 
classical Stokes’ law, ignoring the effect of microstructure of the liquid foam. In a microscopic 
study, we can explain the settling mechanism by the amount of net force on a proppant during 
drainage and gas diffusion process. Generally, as illustrated in Chapter 3 (Figure 0.8), there 
are three different forces of gravity (𝑔), pressure force (𝐹𝑝), and pulling network force (𝐹𝑛 ) 
that act on each proppant. The network force and the pressure force are the two main force 
components against proppant settling. This can be analysed by the quasi-static ‘surface evolver’ 
method (Brakke, 1992; Davies and Cox, 2009; Jing et al., 2016). Raufaste et al. (2007) 
proposed that the contribution of the resultant uplift force (network force and pressure force) 









Where 𝛾 is surface tension, 𝑑𝑜 is the particle diameter, and 𝐴𝑏 is the bubble area. This formula 
is consistent with Figure 0.8, which implies that a high foam quality improves the apparent 
viscosity owing to an increase in the resultant uplift force by drainage. However, after the 
critical foam quality has been reached, the uplift force exhibits a sharp decline because the 
bubble diffusion significantly increases the bubble area (𝐴𝑏). Therefore, the focus of future 
work should be on a dynamic analysis of foam structure changes (bubble size distribution) to 
predict a more realistic proppant transport from rheological data. 
5.8  Summary  
In this chapter, the experimental and simulated study discovered the relationship between foam 
stability and fracturing efficiency. Foam stability has been found directly proportional to 
fracture productivity, as it influence foam rheology which coupled fracture geometry and 
proppant transportation. Long closure time leads to proppant settling and accumulation at the 
bottom of the formation, which causes reduction of proppant area and fracture productivity. In 
addition, foam stability is mainly controlled by foam drainage and disproportionation. The 
crossover point of those two mechanisms is called foam critical time; and it is an essential 




Chapter 6: Hydraulic fracturing by nano-assisted foam-based fluid 
using a fracture propagation model  
6.1 Introduction 
This study follows the previous experimental work that used a viscoelastic surfactant with 
addition of silica nanoparticles. This chapter is a modified and adjusted version of the 
manuscript, ‘Fei, Y., Johnson, R., Gonzalez, M., Haghighi, M., & Pokalai, K. (2017). 
Experimental and numerical investigation into nano-stabilised foam on hydraulic fracturing 
application (submitted manuscript)’. 
6.2 Experimental results 
Figure 0.1a–b show the foam drainage rate of EAPB foam and EAPB-SiO2 foam, based on a 
normalized drained liquid (𝑉(𝑡)  / 𝑉(𝑙0)) versus time. 𝑉(𝑡) is the liquid volume that has been 
drained out of the foam, and 𝑉(𝑙0) is the total liquid volume in the foam at t = 0. Based on this 
comparison, silica nanoparticles appear to reduce the gravitational drainage time. In addition, 
Figure 0.1c illustrates that the EAPB foam volume decreases gradually during the first 80 min, 
then sharply declines until no foam remains at 140 min. However, for EAPB-SiO2 foam 
(Figure 0.1d), there is still 40% foam volume remaining after 180 min. The foam morphologies 
(Figure 0.1e–f) based on SEM images of the gas-water interface of EAPB foam and EAPB-
SiO2 foams also confirm the nanoparticle-adsorption phenomena that result in nanoparticle 
foam stabilisation.  
The purpose of the particle adsorption at the gas-water interface is to maintain the film 
thickness, which counters bubble diffusion. When two bubble surfaces become sufficiently 
close, attractive forces (i.e. van der Waals forces) become significant. As the amplitude of the 
disturbance increases, the likelihood of film rupture becomes more prevalent. Therefore, 
having a large number of particles in the adsorbed layers results in a large film thickness, 
leading to a lower probability of film rupture. A schematic representation of the geometrical 
configurations for particles at the bubble interface associated with DLVO force is shown in 
Figure 0.2. In summary, foam stabilisation occurs by nanoparticle attachment in the film, 
thickening it, and preventing film rupture. 
Finally, foam stability times or lifetimes are defined and compared in Table 0.1. The stable 
time indicates the period prior to the start of liquid drainage; the critical time indicates the 
period when the foam shifts from a drainage-dominated regime to a disproportionation-
dominated regime; and the rupture time indicates the point at which the foam structure 
completely collapses. The inclusion of 0.8 wt% silica nanoparticles increases the foam lifetime 
(stable, critical, and rupture time) between 43% and 100%, enhancing the overall foam 






Figure 0.1. Results of foam stability experiments with 3% EAPB and EAPB-SiO2 foam 
at 90 ℃: (a)–(b) foam drainage rate of EAPB foam and EAPB-SiO2 foam; (c)–(d) decay rates 
of EAPB and EAPB-SiO2-stabilised foams; (e)–(f) SEM images of EAPB foam and EAPB-
SiO2 foam gas-water interfaces 
Table 0.1. Experimental results of foam stability time enhanced by silica nanoparticle 
Name Value (min) Incremental Ratio  
Without SiO2 With SiO2 
Stable Time 20 40 + 100% 
Critical Time 80 140 + 75% 






Figure 0.2. An example of disjoining pressure vs. film thickness. Increased layers of 
nanoparticles in the lamella decrease film thinning. The scale of the nanoparticle layer is for 
illustration purposes only 
6.3 Hydraulic fracturing model 
To evaluate the foam stability effect on hydraulic fracturing performance, several foam 
simulations were performed in a planar-3D hydraulic fracturing model, GOHFER (Barree, 
1983). Three different fluid scenarios were evaluated in the simulator: an EAPB foam, an 
EAPB-SiO2-stabilised foam, and a low viscosity or slickwater, non-foamed fluid. The reservoir 
properties and treatment parameters were based on a typical tight sand reservoir and are listed 
in To investigate the relationship between foam stability and post-fracture conductivity, the 
main outputs of proppant concentration were evaluated at the end of the injection period (i.e. 
initial shut-in time), and then during various shut-in periods. Finally, the resulting proppant 
conductivity for each treatment was evaluated at each treatment point of fracture closure. 
Fracture proppant concentration is a proxy for tracking potential fracture conductivity prior to 
fracture closure, as it is based on the final proppant concentration and closure stress on the 
proppant. 
Table 0.2. To investigate the relationship between foam stability and post-fracture 
conductivity, the main outputs of proppant concentration were evaluated at the end of the 
injection period (i.e. initial shut-in time), and then during various shut-in periods. Finally, the 
resulting proppant conductivity for each treatment was evaluated at each treatment point of 
fracture closure. Fracture proppant concentration is a proxy for tracking potential fracture 
conductivity prior to fracture closure, as it is based on the final proppant concentration and 
closure stress on the proppant. 
Table 0.2. Input data for hydraulic fracturing simulation condition 
Well Parameters Value 




Reservoir pressure, psi 
Permeability, md 
Porosity, % 
Water saturation, % 






Fracturing Treatment Parameters Value 
Type of fracturing fluid                            
Clean volume, gal 
Proppant type, mesh 
Proppant amount, lb 
Initial foam quality, % 
Shut-in time, min 
Pumping rate, bpm 





52, 60, and 70 
0, 30, 60, 120, and 180 
10, 20, 30, 40, and 50 
 
6.4 Mathematical formulation 
The fully 3D hydraulic fracturing simulator incorporates a series of sequential finite-difference 
solutions based on a fixed spatial grid (Barree, 1983). First, fracture-fluid pressures (𝑃𝑓) are 
calculated based on Poiseuille’s law for flow between parallel plates from the Navier–Stokes 
equations. The distribution of net pressure (𝑃𝑛𝑒𝑡) resulting from fluid pressures is used to 







Where ν is the Poisson’s ratio and E is the Young’s modulus. The fracture width (w) is obtained 
by integrating the displacement for a single point load over the surface of the fracture. In 
addition, the vertical and horizontal components of fluid velocity are provided by the implicit 
solution of the system of equations generated by the finite-difference fluid flow formulation. 
These velocity components are used to compute the proppant movement with the fracture. The 












Where 𝜇𝑎 is apparent slurry viscosity and 𝜌𝑠 is slurry bulk density. The slurry viscosity (𝜇𝑎) is 
dependent on the proppant volume fraction and liquid viscosity. During the proppant transport 
and placement in the fracture by the foam fracturing fluid, the liquid viscosity or foam viscosity 
was analyzed by considering the rheology of non-Newtonian fluids. The foam rheological 
characterization by EAPB with and without silica nanoparticles will be described in the next 
section.  
In addition, the slurry bulk density (𝜌𝑠) can be estimated by the combination of proppant 
density (𝜌𝑝) and foam density (𝜌𝑓) (Barree and Conway, 1995): 
 𝜌𝑠 = 𝐶𝑣𝜌𝑝 + (1 − 𝐶𝑣)𝜌𝑓 (16) 
Where 𝐶𝑣 is the volume fraction of particles. The foam density, which relates to foam quality 
(𝑄𝑔), liquid phase density (𝜌𝑙), and gas phase density (𝜌𝑔) can be estimated by 
 𝜌𝑓 = 𝑄𝑔𝜌𝑔 + (1 − 𝑄𝑔)𝜌𝑙 (17) 
The gas phase density (𝜌𝑔) can be either the CO2 or N2 density, which is a function of pressure 
















Then, the calculated fluid velocity distribution from Eq. 15 is used to estimate the 
concentration distributions of proppant at each point in the fracture, which results from the 










Finally, the proppant concentration associated with closure stress can determine the packed 
width (𝑤𝑠), which is used to calculate the baseline conductivity distribution (𝐶𝑓) (Barree et al., 
2016): 





Where 𝐾𝑠  is the packed permeability at a given stress. The details of the mathematical 





Figure 0.3. Workflow of the mathematical formulation for fracturing model 
6.5 Foam rheological characterisation 
In each case, an initial foam quality is assumed, and then varied upwardly (i.e. 52%, 60%, and 
70% as most commonly used in actual treatment) with two types of foams: EAPB- and EAPB-
SiO2-stabilised. The drainage rate (𝑣𝑑 ) from the experimental results (Figure 0.1a–b) are 
inputted into Eq. 1 to calculate the time-dependent foam quality. The time dependence of a 
complex foam is modelled by predicting the variance of two primary base fluid (power law) 
parameters, 𝑛𝐿𝑖𝑞𝑢𝑖𝑑  and  𝑘𝐿𝑖𝑞𝑢𝑖𝑑 , and then by coupling with the foam quality ( 𝑄𝑔
𝑡 ) to 
approximate the parameters, 𝑛𝐹𝑜𝑎𝑚 and 𝑘𝐹𝑜𝑎𝑚, for the foamed system. Published experimental 
correlations (Khade and Shah, 2004) have analogously predicted the consistency and flow 
behaviour index of foam fluids using Eq. 9 and Eq. 10. From the experimental results, the 
volume of EAPB-stabilised foam completely collapses at 140 min; however, the foam volume 
of EAPB-SiO2-stabilised foam still remains at 40% foam volume after 180 min (Figure 0.1c–
d). Following disassociation, the fluid is characterized by the base fluid rheology, which is 
assumed to be completely degraded by breakers; thus, the fluid eventually reverts to the 
viscosity of water (1 cP). Using the above results, then the apparent viscosity can be plotted as 
shown in Figure 0.4.  
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Figure 0.4. Characterisation of rheological properties of EAPB foam and EAPB-SiO2 foam 
with three different foam qualities 
6.6 Results and Discussions 
Figure 0.5 shows the results of proppant concentration distribution predicted by the hydraulic 
fracture modelling using all three fluids: EAPB foams, EAPB-SiO2 foams, and slickwater 
(100% water-based fluid) injected at a pumping rate of 30 bpm. It can be observed in the figure 
that the potential progression of proppant redistribution within the fracture develops within 0 
min shut-in time (i.e. the end of injection) to 180 min shut-in before closure. For comparison 
purposes, the proppant concentration is observed at each of these times and is plotted from 0 
(blue) to 1.5 (red) lb ft2⁄ . Certainly, the final dimensions at closure are the only dimensions. 
Apparently, the use of slickwater fracturing results in poorer proppant transport and less 
propped area compared with the two foam cases. The poor proppant transport is caused by the 
low viscosities and rapid leak-off rate of water, which results in rapid settling of the proppant 
particles. For both foam cases, the initial propped geometries (shut-in = 0 min) are almost the 
same. This indicates that both foams are stable and maintain a constant apparent viscosity 
during pumping, which provides a better proppant transport capability than slickwater 
treatment. However, the final fracture geometries are relatively different (at shut-in = 180 min). 
For EAPB foam, the propped area becomes more non-uniform, leaving more upper area 
unpropped within the propped length. For EAPB-SiO2 foam, the propped area remains almost 




reduces the proppant settling rate. Alternatively, the results also suggest that in very low 
permeability formations, proppant settling becomes a major problem for proppant placement 
because it tends to gravitationally settle before fracture closure occurs.  
Next, the modelling can illustrate the effect of pumping rate on the propped area as shown in 
Figure 0.6. For comparison purposes, the fracture conductivity is plotted from 0 (blue) to 50 
(red) md·ft. At shut-in time of 0 min, the total proppant laden area of slickwater is less than 
that created by the EAPB foam and EAPB-SiO2 foam. This is because the proppant transport 
is affected by the low viscosity of slickwater. After shut-in time of 180 min, sand accumulates 
at the bottom of the fracture in the EAPB foam treatment. In general, the EAPB foam forms a 
thinner high-conductivity sand bed with a large amount of sand settling and convecting from 
the upper regions of the fracture regardless of the pumping rate. The propped area of EAPB-
SiO2 foam is higher than either that of the slickwater or EAPB treatments largely as a result of 
negligible foam decline (Figure 0.6). However, if foam breakage occurs before fracture 
closure, the foams lose viscosity rapidly and proppant settling accelerates, significantly 
reducing the propped dimensions. 
A parametric study of foam quality impact on the propped area is also shown in Figure 0.7, 
where the size of the propped area is directly proportional to the foam quality. It is observed 
that high foam qualities provide high viscosities. The high viscosity in this low permeability 
reservoir case increases the net pressure and results in fracture height growth and improved 
proppant transport. However, when fracturing a thin reservoir where there are negative 
consequences to height growth, using less stable, low quality foam may be desirable in order 
to minimize the net pressures and out-of-zone height growth. 
As expected, less stable, low quality foam does not create longer propped fracture lengths than 
higher quality foams largely as a result of less effective proppant transport qualities. Similar to 
previous observations, using an EAPB foam causes proppant settling and high accumulation at 
the bottom of the fracture after 180 min shut-in. Similar to prior modelling studies (Johnson, 
1995), proppant laden fluids convect downwardly towards the bottom of the fracture and more 
settling and poor proppant placement occur in the fracture. This is largely a result of the foam 






Figure 0.5. Proppant concentration distribution (lb ft2⁄ ) vs. shut-in time for slickwater, 





Figure 0.6. Fracture conductivity (propped area) vs. pumping rate for slickwater, EAPB 
foam, and EAPB-SiO2 foam with 60% foam quality 
 
Figure 0.7. Fracture conductivity vs. foam quality for the two foam cases from 0 to 180 min 
shut-in time. 
Simulations of one year cumulative production based on treatments using EAPB foam, EAPB-
SiO2 foam, and slickwater are shown in Figure 0.8 based on varying injection rates. As 
expected, in a low permeability, tight gas case, the highest cumulative gas production is 
achieved by treatments using the highest injection rate, creating the longest propped lengths. 




slickwater treatments are less sensitive to the pumping rate except in the cases of low injection 
rates, where proppant settling velocity is high. At the end of treatment (shut-in time = 0 min), 
the productivity of both foam cases is higher than that of slickwater. However, the productivity 
of EAPB foam decreases significantly after 60 min shut-in, particularly at low pumping rates 
of 10 bpm and 20 bpm. The longest shut-in actually yields the lowest cumulative production 
for EAPB foam as no foam exists to suspend the proppant, which leads to proppant 
accumulation at the bottom to form a smaller propped area. This observation is also consistent 
with previous proppant concentration studies. By contrast, for the EAPB-SiO2 foam, the 
fracture geometry is uniformly propped and there is negligible proppant settling; the 
productivity therefore is maintained during long shut-in times. This comparison highlights the 
critical role of foam stability and the final position of the proppants, which contributes to the 
effectiveness of the post-fracture productivity.  
 
Figure 0.8. Fracture productivity generated by different pumping rates: (a) 60% EAPB foam, 
(b) 60% EAPB-SiO2 foam, and (c) slickwater 
6.7 General guideline for foam treatment design 
In order to develop guidelines for foam fracturing design, understanding the foam rheology 
associated with foam stability behaviour is essential. Figure 0.9 illustrates two different foam 
rheology profiles representing standard foam (black curve) and nano-stabilised foam (red 
curve), where the evolution process can be found from 1 to 4 and 5 to 8 respectively. For 
standard foam, the rheology experiences a stable period (1 to 2) and unstable period (2 to 4). 
In the stable period, the foam quality remains unchanged and maintains a constant foam 
viscosity. In the unstable period, the foam viscosity initially increases owing to foam drainage; 
then it decreases sharply by disproportionation (gas diffusion). The stable time (𝑡𝑠𝑡), critical 
time (𝑡𝑐𝑟), and rupture time (𝑡𝑟𝑢𝑝) can be experimentally recorded to determine the change of 




period and unstable period can be achieved, mainly because of the adsorption of nanoparticles 
that prevent bubble coalescence caused by thinning and rupture of the film between bubbles. 
The foam rheology associated with foam stability behaviour can therefore provide useful 
information for foam fracturing treatment, which is summarized in Table 0.3. 
It is recommended that the pumping time should be less than or equal to the foam stable time. 
This is because the foam viscosity is constant during this period, which maintains a stable 
proppant carrying capacity. In addition, better accuracy is achieved for a hydraulic fracturing 
model that simulates proppant transport using foam with constant apparent viscosity. For a 
nano-stabilised foam, a long stable time can be attained, which allows more slurry volume to 
be pumped with constant apparent viscosity, resulting in higher productivity. In addition, it is 
not beneficial to use ultra-stable foams in highly permeable reservoirs because proppant 
settling can be prevented by rapid fracture closure before foam breakage occurs. However, for 
low permeability formations like unconventional reservoirs, a long closure time is observed, 
which leads to decrease in the propped area by migration of large amount of proppant to the 
bottom fracture layer. Therefore, the advantage of using ultra-stable foams is to prevent 
proppant settling, which will maintain the propped area and thus improve productivity. Those 
ultra-stable foams can be achieved by introducing nanoparticles. 
 
 
Figure 0.9. Generic of foam rheology profile coupled with foam stability factor. The black 
curve represents standard foam, while the red curve represents nano-stabilised foam. Time 





Table 0.3. Summary of foam fracturing treatment with different foam stability behaviour 
 
6.8 Summary  
The purpose of this chapter is to characterize foam stability and the effects of nanoparticle 
inclusion on proppant settling during fracture closure. Experimental observations indicate foam 
stability increases 2-3 fold in presence of 0.8wt% silica nanoparticles. The enhancement of 
foam life-time by nanoparticles can improve fracturing conductivity by preventing proppant 




Chapter 7: Simulation of hydraulic fracturing with liquefied 
petroleum gas. 
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Simulation of hydraulic fracturing with propane-based fluid using a fracture propagation model 
coupled with multiphase flow simulation in the Cooper Basin, South Australia. APPEA Journal, 









































Chapter 8: Conclusion and Future Work 
8.1 Conclusive Remarks 
The purpose of this thesis is to characterise foam stability as a fracturing fluid and to study the 
effects of nanoparticles on foam stability and proppant placement during hydraulic fracturing.  
The experimental and simulation studies highlight the enhancement of foam stability and 
proppant settling by silica nanoparticles and the overall improvement in the efficiency of foam 
as a fracturing fluid at high temperature environment.  
The experimental conclusions are as follows: 
1. Foam drainage can help in suspending more proppant. However, the major question is 
how long can the proppant be kept in suspension, which is related to maintaining 
stability.  
 
2. In the presence of high ionic strength, the foam structure can be damaged even more 
quickly and the particle suspension becomes worse. In addition, it is generally easy to 
suspend particles in highly viscous foam owing to the high total pulling force and long 
free drainage regime. Nanoparticle-stabilised foam has been found to create a transition 
regime that delays the foam coarsening and coalescence.  
 
3. The experimental results showed that SiO2 nanoparticles and EAPB had a synergistic 
effect, which significantly improves the foam stability. At a temperature of 90 ℃, it is 
observed that the decrease in foam volume of WLMs-nanoparticles mixture was two 
times greater than that of WLMs alone. Foam node blockage and plateau border 
adsorption by nanoparticles have been identified by cryo-scanning electron microscopy 
(cryo-SEM). This phenomenon leads to reduced liquid drainage and increase in the 
rigidity of the interface to prevent foam coarsening resulting to the increase of foam 
stability. 
 
4. The rheological measurements show that the addition of 0.8% nanoparticles into EAPB 
foam leads to a dramatic increase in the foam viscosity at an initial time of 30 min, 
which appears to be due to the formation of micelle-particle junctions. The 
enhancement of viscosity in a high temperature environment could result in reducing 
the free drainage rate to improve foam stability. 
The simulation conclusions are as follows: 
1. Foam stability is mainly controlled by foam drainage and disproportionation. The 
crossover point of those two mechanisms called foam critical time which is indication 
of foam viscosity breakdown. Therefore, it is an essential parameter for pumping 
schedule design. 
2. A long shut-in period leads to proppant settlement and accumulation at the bottom of 




The total pumping time and shut-in time need to be carefully designed with respect to 
the foam critical and rupture time. 
3. The hydraulic fracture modelling suggests that the effective propped area or final 
proppant distribution can be controlled by varying the injection rate and foam quality 
during proppant injection towards higher foam stabilisation. 
4. Low stability foam as a fracturing fluid can only achieve sufficient proppant coverage 
over a thick pay interval when closure time is relatively shorter than foam stability. 
5. Foam stability is related to the treatment time; it influences proppant transportation 
during placement and redistribution of proppant during closure. Therefore, it also 
provides useful information for production history matching.  
6. LPG fracturing has the potential to eliminate all the issues associated with water 
use/disposal and formation damage and has the potential to be an ideal fracturing fluid 
in many unconventional reservoirs if applied safely. Simulation results show that LPG 
has slightly better flowback rate and post-fracture production when compared to other 
water based fracturing fluids. 
7. There are other variables such as surfactant types, concentrations, shear history, and 
system pressure, which are also important in foam rheology characterisation. The best 
approach is to develop an understanding of foam properties and performance and onsite 
quality control tests. This process requires good onsite quality control to avoid any 
unnecessary changes in the treatment condition that will result in a less stable foam. 
8.2 Future Work 
This study is focused on the impact of nanoparticles on foam stability to minimize proppant 
settling during hydraulic fracturing application. The research conducted involved the technical 
aspects of silica nanoparticle in a particular type of WLMs (Erucyl amidopropyl betaine) only 
at a temperature of  90℃ . 
 Future work on this topic should consider the following aspects: 
1. Different types of nanoparticles and foaming agents are suggested to be studied. 
Foamability and foam stability are the main variables to be optimized in the parameter 
selection. 
2.  To study foam stability at a high pressure and higher temperature range (above 90 ℃) 
this could be achieved with a high temperature and high pressure visualization cell. 
3. Systematic experimental study of nanoparticle-stabilised foam rheology. It is suggested 
to consider high pressure high temperature condition (i.e., up to 5000 psi & 200 ℃),   
gas type (i.e., liquid or supercritical CO2), and nanoparticle type (i.e., partially 
hydrophobic silica nanoparticle or MgO/ZnO/FeO nanoparticle). 
4. In the current fracture model, foams are assumed to be non-Newtonian fluids with a 




predicting proppant settling in foams. For better modelling, a dynamic settling test 
should be designed for foams. 
5. This study has limited field verification. Collaboration with field operators is necessary 
to confirm the fracturing performance of polymer-free nanoparticle-stabilised foams as 
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A. Liquid Fraction Profile Calculation 
The following four steps comprise the calculation procedure: 1) defining the flow drainage 
regime, 2) calculating the drainage velocity, 3) determining the theoretical drainage half-time, 
and 4) calibrating between the theoretical and experimental drainage half-time. 
1. Assume that the DLVO forces of foam film are strong enough to stop the walls from 
breaking and there is no Ostwald ripening. This assumption will simplify the foam 
drainage so as not to couple with foam coarsening due to natural complexity of the 
drainage. Initial input parameters obtained from experimental measurements are initial 
foam height (𝐻𝑖), solution viscosity (𝜂𝑙), density (𝜌𝑙) of the base fluid, initial liquid 
fraction ( 𝑜), and cross-sectional area of the cylinder (𝑆). Assume an initial bubble 
diameter 𝐷, then calculate the length of Plateau border (𝐿); the radius of length border 
(𝑟𝑃𝐵) is given by Eq. 22 and Eq. 23: 
 𝐿 = 𝐷 2.7⁄  
(22) 
 





2. Determine the drainage flow regime using the interfacial mobility (𝑀) value from Eq. 
24. 𝑀 ≫ 1 indicates that drainage is plug flow; the nodes play a significant role in flow 
resistance. Using a node-dominated drainage equation (Eq. 25), if 𝑀 ≪ 1, the drainage 
is Poiseuille flow, i.e. ‘no slip’ condition down the Plateau border. Using channel-
dominated drainage equation (Eq. 26). In this study, we used the liquid viscosity (𝜂𝑙) 
and initial liquid fraction ( 𝑜 ) obtained from an experiment (Stevenson, 
2005)(Stevenson, 2005)(Stevenson, 2005)(Stevenson, 2005)(Stevenson, 
2005)(Stevenson, 2005)(Stevenson, 2005)(Stevenson, 2005). Furthermore, we used 
























3. In addition to drainage velocity, calibrate the drainage half-time between theoretical 
(Eq. 27) and experimental results by adjusting the bubble diameter D. 
 𝜏 = 𝐻 𝑣𝑑⁄  
(27) 
4. After theoretical validation, rearrange Eq. 25 and Eq. 26 incorporated with Eq. 27. 
The liquid fraction is a function of foam height and time (Eq. 28 and Eq. 29), where 
the foam height 𝐻 ⊆ [0, 𝐻𝑖] and the time 𝑡 ⊆ [0, 𝜏1]. Then, use Excel to calculate the 


















5. Plot the liquid fraction ( ) with the foam height (𝐻) and time (𝑡). See example of 






Figure A1. Liquid fraction profile of 0.8 wt% SiO2 with 0.1 wt% regular anionic surfactant. 
 
Figure A2. Liquid fraction profile of 0.36 wt% CMHPG with 0.1 wt% regular anionic surfactant. 
 
